Adhesion differences are the main driver of cell sorting and related processes such as boundary formation or tissue positioning. In the early amphibian embryo, graded variations in cadherin density and localized expression of adhesion-modulating factors are associated with regional differences in adhesive properties including overall adhesion strength. The role of these differences in embryonic boundary formation has not been studied extensively, but available evidence suggests that adhesion strength differentials are not essential. On the other hand, the inside-out positioning of the germ layers is correlated with adhesion strength, although the biological significance of this effect is unclear. By contrast, the positioning of dorsal mesoderm tissues along the anterior-posterior body axis is essential for axis elongation, but the underlying sorting mechanism is not correlated with adhesion strength, and may rely on specific cell adhesion. Formation of the ectoderm-mesoderm boundary is the best understood sorting related process in the frog embryo. It relies on contact-induced cell repulsion at the tissue interface, driven by Eph-ephrin signaling and paraxial protocadherin-dependent self/non-self recognition.
Introduction
Large-scale cell sorting is not a major morphogenetic mechanism in animal embryonic development. Historically, however, the observation that experimentally mixed cells of different origin and fate could spontaneously segregate again (Wilson, 1907; Townes and Holtfreter, 1955) led to important concepts. First of all, cells were apparently able to recognize each other as alike or different, probably by modulating cell-cell adhesion, an essential property of multicellular organisms. If so, the same force that would drive sorting under experimental conditions could prevent mixing across tissue boundaries in the living organism. Thus, sorting would provide an entry point into the study of cell adhesion and boundary formation. Indeed, small scale sorting has been implicated in the refinement of initially inaccurate and fuzzy boundaries between different cell populations, and in the maintenance of sharp boundaries despite the intermingling effects of cell division and random cell mobility (Dahmann et al., 2011; Batlle and Wilkinson, 2012) . The extent to which such "maintenance" sorting occurs remains to be determined (Fagotto, 2014) . Second, spontaneous sorting could be viewed as a self-assembly process which generated relatively complex tissue Mechanisms of Development 144 (2017) 
Contents lists available at ScienceDirect
Mechanisms of Development j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / m o d configurations and assured their stability. In this interpretation, cell sorting enabled a mechanistic, experimental approach to a range of morphogenetic processes. Work on amphibian embryos was at the origins of this eventually successful enterprise.
Principles of cell sorting

Holtfreter's tissue affinities
Holtfreter's influential work on cell sorting and tissue segregation in the amphibian embryo culminated in a now classical paper (Townes and Holtfreter, 1955) which laid out basic concepts that still shape our thinking in this field today. Starting from the simple observation that when dissociated cells from different tissues were mixed, they always reaggregated into a single cell mass, it was concluded that a general adhesion system common to all cell types must exist in the early embryo. Over time, however, cells sorted out according to their different origins, indicating the preference of like cells for each other and suggesting an additional, cell type specific adhesion component (Fig. 1A) . Cells of different types showed various degrees of attraction or avoidance, and the resulting mutual attachment or separation between cell populations was also observed when whole pieces of tissues were combined (Fig.  1A) . The respective tissue-and stage-specific, graded properties were summarized under the concept of tissue affinity (Holtfreter, 1939; Townes and Holtfreter, 1955) . Autonomous, stage-specific changes in tissue affinities were thought to underlie the morphogenetic movements of gastrulation and neurulation (Holtfreter, 1939) . Later, it was found that the same sequence -aggregation into a common cell mass followed by sorting out -could occur for the same tissue combination at different developmental stages, which led to the additional notion that sorting-related adhesion differences could be induced by heterologous cell contact (Townes and Holtfreter, 1955) .
Sorting requires the movement of cells in a mixed aggregate in opposite directions to congregate with like cells. The eventual positions of cell populations were always the same, regardless of whether a mixture of cells or an experimental combination of tissue explants was the starting point, as expected from a system of tissue affinities that determined the final arrangement of cell types (Fig. 1A) . For example, ectoderm always separated completely from endoderm, whereas mesoderm settled at the surface of an endodermal aggregate. Since mesoderm also attached to ectoderm, it could mediate the stable, spatially ordered combination of all three germ layers (Holtfreter, 1939; Townes and Holtfreter, 1955) .
During positioning, the directional movement of single cells and of explants was different. Whereas cells in mixtures elongated, polarized and showed signs of individual "amoeboid" migration, aggregates seemed to "slip" as a whole over or between each other. To explain such aggregate movements, they were compared to the engulfment of liquids with different surface tensions. The directionality in both single cell and aggregate movements was speculatively explained not by chemotaxis, but by surface tension gradients which ensured the stereotypical final arrangement of tissues (Townes and Holtfreter, 1955) . The eventual boundaries between cell populations were conspicuously straight or even cleft-like (Fig. 1B) (Townes and Holtfreter, 1955) . Apparently, tissue affinity also ensured the formation of distinct tissue boundaries. In summary, an elaborate system of tissue affinities was considered to drive cell sorting after experimental mixing, formation of boundaries between different cell populations, and a stereotypical positioning of the populations relative to each other. By changing dynamically, tissue affinities could promote morphogenetic movements and the formation of anatomical structures by self-assembly, and eventually assure the stability of the respective tissue arrays.
Sorting by specific cell adhesion
Sorting experiments had established the existence of cellular affinities, which could be explained by a combination of two principles, indiscriminate adhesion that promoted overall cell aggregation, and selective adhesion causing sorting. Adhesion bonds were expected to be based on lock-and-key mechanisms, and indiscriminate and selective factors could be present simultaneously but act at different time scales to promote adhesion between all cells first followed by sorting ( Fig.  2A ) (Townes and Holtfreter, 1955) . At the time, assumptions about the "chemical" nature of adhesion were speculative, but experimental support for the existence of specific adhesion factors was accumulating.
In the 1960s, Moscona and others identified soluble, aggregationpromoting factors in sponges and chicken embryos as glycoproteins that acted in a species-or tissue-specific manner (Moscona, 1968 , and references therein). Eventually, transmembrane adhesion receptors were identified in the forms of the neural cell adhesion molecule, N-CAM Thiery et al., 1977) and E-cadherin (Takeichi, 1977) . These proteins were each representative of families of factors, and showed homophilic binding. As it turned out, however, binding was less specific than anticipated (e.g. Shimoyama et al., 2000; Prakasam et al., 2006) .
Factors that modulate adhesion were also discovered ( Fig. 2A) , such as the adhesion-antagonizing ephrins and their Eph receptors (Cheng and Flanagan, 1994; Drescher et al., 1995) whose complementary expression was sufficient to separate cell populations (Mellitzer et al., 1999; Tanaka et al., 2003) . An important form of adhesion modulation by Eph-ephrin signaling is the contact repulsion of cells (Batlle and Wilkinson, 2012; Fagotto, 2014 Fagotto, , 2015 . In an apparent contradiction, the heterophilic interaction of the trans-membrane Eph receptors with their likewise membrane-linked ephrin ligands requires intimate cell-cell contact, yet as the resultant signal leads to cell repulsion and separation, the interaction is disrupted, signaling ceases, and cells can re-attach. This mechanism can engage cells in repeated cycles of adhesion and de-adhesion (Rohani et al., 2011) . It introduces a dynamic element into the control of cell adhesiveness that provides for the "lability" of adhesion postulated by Townes and Holtfreter (1955) to reconcile adhesion with simultaneous cell rearrangement.
Adhesion to the extracellular matrix (ECM) differs in many respects from cell-cell adhesion, but functionally, tissue cohesion can also be Fig. 2 . Differential affinities and expression levels of adhesion molecules can result in degrees of adhesion within and between tissues. (A) Separation due to expression of selective adhesion molecules. Ectodermal cell interfaces (blue-blue) show greater adhesion (large arrows) than heterotypic (blue-red) interfaces or mesodermal cell interfaces (red-red) (small arrows). This may be due to either a lack of interacting adhesion molecules at the heterophilic interfaces (curved and angular receptors) and intra-mesodermal interfaces (sawtooth receptors) or due to repulsive signaling from heterophilic interactions (cup and circle receptors). A combination of adhesion and repulsion may lead to labile adhesions between cells. (B) Separation due to differential expression of identical adhesion molecules. Cells expressing more molecules are more cohesive and bind to one another more strongly (blue; sawtooth receptors), preventing mixing with less cohesive cells that express fewer adhesion molecules (red; sawtooth receptors). (C) To predict adhesion between different cell types, every interaction between homophilic and heterophilic adhesion molecules or repulsion factors must be quantified. Arrows represent adhesiveness between cells.
achieved by mutually attaching cells not through directly interacting adhesion molecules, but through cell binding to an intervening ECM. For example, the transmembrane receptor α5β1integrin and its ligand, the ECM protein fibronectin, promote strong cell-cell adhesion when co-expressed in Chinese Hamster Ovary cells (Robinson et al., 2003 (Robinson et al., , 2004 . Cells can express sets of different adhesive factors and modulators, which are characteristic of a given cell type and determine its overall adhesive properties. With a large number of such factors available, each having variable expression levels and variable binding affinities for its different interaction partners, any combination of total adhesion levels and adhesion specificities within and between tissues can be specified ( Fig. 2A-C) . For example, if no adhesion-promoting determinant is shared by two tissues they will completely separate although each one may be strongly cohesive due to its specific set of adhesion-promoting factors. Similarly, the complementary expression of heterophilic factors in adjacent tissues restricts their interaction to the interface, specifying the adhesion between the tissues without affecting their cohesion (Fig. 2C) . Altogether, the qualitative concept of specific adhesion can explain many, though not all sorting phenomena.
Sorting by quantitative differences in adhesion strength: Steinberg's Differential Adhesion Hypothesis
Although specific cell adhesion provides a versatile mechanism for the generation of adhesion differences, it does not account for the characteristic tissue positioning effects that usually accompany sorting. Townes and Holtfreter (1955) explained positioning by an additional mechanism, a postulated inside-outside gradient in cell aggregates, perhaps in the form of a surface tension gradient, that could guide individually migrating cells and direct the engulfment of tissue explants. In an elegant quantitative theory of cell sorting, Steinberg (1963) explained all salient features of sorting which included tissue positioning by a single cause, the differences in adhesion strength between cell types (Fig.  2B ).
Steinberg realized that the tissues used in the sorting experiments behaved analogously to liquids. They were composed of units, the cells, which moved relative to each other while remaining mutually attached, like randomly jostling molecules held together by attractive forces in a liquid. In analogy to the thermodynamics of liquids, he introduced the work of adhesion -the minimum work required to separate the cells -to quantitatively characterize the strength of adhesion between cells. As in liquids, adhesive contacts would be maximized so as to minimize the remaining surface free energy, giving rise to a surface tension which corresponds to half the free energy per unit surface area of a cell aggregate. This tissue surface tension explained why irregularly shaped cell aggregates rounded up to minimize any surface not engaged in adhesion. Depending on the ratio of the works of adhesion between like and unlike cells of a mixture, the theory predicted cell intermixing, sorting and complete or incomplete engulfment of one cell population by the other, or complete separation of cell types (Steinberg, 1963 (Steinberg, , 1970 .
The final sorting patterns would be equilibrium states, and should be reached regardless of whether dissociated cells were mixed or whole explants were combined ( Fig. 1) , as was observed. Importantly, whenever engulfment occurs, the least cohesive tissue should occupy the surface of the common aggregate. Thus, tissue positioning would be a direct consequence of the same quantitative adhesion difference that was driving sorting in the first place. Moreover, in a series of tissues with graded quantitative differences of adhesiveness, a hierarchy of mutual engulfment tendencies would be established. Indeed, when adhesion strength was eventually measured in the form of tissue surface tension, mutual engulfment tendencies were as predicted from their adhesiveness for a range of tissues (Steinberg, 1970; Foty et al., 1996) .
A re-definition of adhesion strength
Of the multiple aspects of cell-cell adhesion, its mechanics is perhaps most relevant for an understanding of morphogenesis (Shawky and Davidson, 2014) . The strength of cell-cell adhesion is a mechanical property of particular importance: it is a central variable in Steinberg's quantitative Differential Adhesion theory. It had been defined as the work of adhesion, and it was usually implied that it corresponded to the energy released upon the binding of adhesion molecules (Steinberg, 1963 (Steinberg, , 1970 . Recently, however, it was realized that these binding energies per unit area of cell-cell contact were much too low to account for measured tissue surface tension values. The strong cortical tension of the sub-membranous cytoskeleton of cells would cause cells to round up instead of attaching to each other (Fig. 3A) , and binding energies of e.g. cadherins were not sufficient to overcome this tendency (Youssef et al., 2011; Maître et al., 2012; Stirbat et al., 2013; David et al., 2014) . Thus a regulated reduction of cortical tension at the site of cell contact would be required to permit the mutual attachment of cells ( Fig. 3B) (Maître et al., 2012; Amack and Manning, 2012; Stirbat et al., 2013; David et al., 2014; Winklbauer, 2015) .
The more the cortical tension is reduced at contacts, the larger the contact area between cells, and the higher their adhesiveness. Essentially, tissue surface tension, and hence adhesion strength, corresponds quantitatively to the difference in tensions between the free cell surface and cell-cell contact area ( Fig. 3C ) (Brodland and Chen, 2000; Manning et al., 2010) . This adds another layer of complexity to cell adhesion. The strength of adhesion is not only determined by the sum of the binding energy contributions from all the more or less specific adhesion molecules present ( Fig. 2A-C) , but also by any factors that increase or decrease cortical tension in the contact area in response to cell contact (Fig. 3B, B′) . Even factors that generally affect the baseline level of cortex contractility influence adhesion strength (Amack and Manning, 2012; Winklbauer, 2015) . Cadherins, a main type of cell-cell adhesion receptors, release a small amount of binding energy, but mostly they directly or indirectly promote the reduction of cortical tension (Maître and Heisenberg, 2013; Stirbat et al., 2013; David et al., 2014; Toret et al., 2014; Winklbauer, 2015) .
In a third, independent role, cadherins and other adhesion molecules physically link cells (Fig. 3A, B ) (Maître and Heisenberg, 2013; Winklbauer, 2015) . This feature seems intuitively to be central to adhesion; however, it should not be confused with adhesion strength proper: if solely this link function were given, cells would stick to each other, but only at very small contacts, like solid spheres (Fig. 3A) . To allow for the attachment of cells over extended contact areas, as in tissues, the downregulation of cortical tension at contacts is essential, and is the main determinant of adhesion strength.
The inclusion of cortical tension in the adhesion concept simplifies the description of adhesion-related processes. It explains the action of adhesion modulators such as Ephs and ephrins via a regulation of the cortical cytoskeleton (Fig. 3B′) (Pasquale, 2005) . Moreover, many diverse cytoskeletal regulators are known to affect cell adhesion (e.g. Winklbauer, 2009 , for the amphibian embryo), which can now be understood through their effects on cortical tension, and the often confusing interplay of cell contractility and adhesion (Harris, 1976) becomes transparent when contractility regulation is understood as an integral, non-separable part of cell-cell attachment. Likewise, the effects of short, transient contractility modulations on cell contacts, as in cell repulsion, detachment, attachment, or rearrangement, can now be treated as dynamic adhesion processes, using cortex tension as the common language (Winklbauer, 2015) .
Specific adhesion, differential adhesion, and adhesion strength: forces driving cell sorting
This novel concept of adhesion strength is compatible with the Differential Adhesion theory. It actually carries forward a main legacy of this theory, the emphasis on a well defined quantitative measure of adhesiveness. However, it implies an interesting modification of its interpretation. Since cortex tension is actively maintained by the expenditure of metabolic energy (Clark et al., 2014 , for review), it is not identical to the surface tension of real liquids, but it only imitates such a tension (Harris, 1976; Winklbauer, 2015) . This does not preclude the application of the respective mechanical concepts though.
A more consequential modification arises from the molecular complexity of the adhesion mechanism. As originally formulated, the Differential Adhesion Hypothesis drew criticism from the proponents of specific-adhesion, as it seemed to ignore the growing evidence for factors mediating highly selective cell-cell binding in favor of a purely quantitative adhesion model (e.g. Moscona, 1968) . In response, Steinberg (1970) admitted that differential adhesion can be generated not only by varying the cell surface density of a single, general adhesion factor (Fig. 2B ), but by combining factors of different specificities, affinities and expression levels (Fig. 2C) . A dependence of sorting on both the specificity and the amount of different adhesion molecules was confirmed experimentally (e.g. Friedlander et al., 1989; Duguay et al., 2003) .
As a consequence of this modification of the theory, the adhesion strength between any two tissues could no longer be predicted from the adhesiveness of cells within each of them, as was assumed in a strictly quantitative model (Fig. 2B, C) . In particular, the interaction of tissues specifically at their mutual boundaries, e.g. by the complementary expression of heterophilic factors, and the consequent up-or down- Fig. 3 . Mechanics of cell-cell adhesion: adhesion molecules and actin cortex contractility. (A) Cortical actomyosin-dependent tension at the cell-medium interface, known as cortical tension (β), causes individual cells to round up. At the time of adhesion initiation cells touch each other at a point, and the contact angle (θ) is zero (top). As cells spread on one another their contact angle increases and the component of β parallel to the contact surface decreases in magnitude (bottom) until an equilibrium is reached between it and twice the reduced cortical tension per cell (β*). Concomitantly, a component of cortical tension perpendicular to the adhesion interface, the link tension (λ) increases. (B) A decrease in cortex density (green) and an increase in adhesion tension (Γ) due to the binding energy released from interacting adhesion molecules (purple) results in a decrease in the cortical tension (β) to a reduced cortical tension (β*) and allows cell spreading (left). Repulsive signals (orange; e.g. Eph-ephrin interactions) inhibit this cortex density decrease, promoting cell rounding and de-adhesion (right). (C) At the surface of an aggregate, cell-medium interfaces retain high cortical tension (β), and within an aggregate there is a decreased cortical tension contribution from each cell at a cell-cell interface (2β*), leading to the observable rounding of cell aggregates. The tissue surface tension (σ) of such an aggregate is approximately equal to the difference between the cortical tension and reduced cortical tension (see text).
regulation of adhesion at the interface only ( Fig. 2A, C) , renders sortingrelated phenomena independent of within-tissue adhesiveness. In this way, sorting boundaries can be established without an underlying overall difference in cohesion of the adjoined tissues (Fagotto, 2014 (Fagotto, , 2015 Fagotto et al., 2014; Cayuso et al., 2015) . This possibility was not envisioned in the original Differential Adhesion theory. However, when engulfment of apposed tissues does in fact occur, interfacial tension must be limited to certain values, and in that case the more cohesive tissue is still predicted to move to the interior (Steinberg, 1970) .
In summary, adhesion differences between cells remain the main explanation for cell sorting and related morphogenetic effects. Such differences can be qualitative, based on the expression of specific adhesion molecules or adhesion-modulating factors. These differences can directly cause sorting effects, but together with variations in expression levels, they can amount to quantitative differences in adhesion strength which also drive sorting. Stable differences in adhesion can exist between whole cell populations, with cell contact behavior across boundaries following directly from the population-wide, fixed adhesive properties on each side. Alternatively, a difference in adhesiveness can be induced locally at the boundary, upon contact between adjacent cell populations, and it can involve fine-tuned cell attachment and detachment events.
3. Cell sorting in the amphibian embryo 3.1. Differences in tissue-wide adhesive properties in the amphibian embryo Among amphibians, cell adhesion is best understood in Xenopus. Its early embryo consists of a single multilayered tissue (Fig. 4A) whose outermost, covering sheet shows apical-basal polarity and epithelial organization. In the blastula and gastrula, C-cadherin is ubiquitously expressed and essential for cell adhesion. The closely related XBcadherin, and a not well characterized XmN-cadherin are minor components. Differential expression of cadherin subtypes is rare in the early embryo, and occurs only in the ectoderm, where E-cadherin becomes expressed in the epithelial layer in the late gastrula, and N-cadherin in the prospective neural plate. The Ig-type adhesion molecule N-CAM also appears specifically in the prospective neural plate in the late gastrula (Fig. 4B) (Kuhl and Wedlich, 1996; Winklbauer, 2009 ).
In the early embryo, membrane expression levels of cadherins are spatially graded, as deduced from the distribution of β-catenin (Fig.  4C ) (Fagotto and Gumbiner, 1994) . In the blastula, expression is strong animally in the prospective ectoderm, it increases gradually to still higher levels in the equatorial mesoderm, and decreases from there to very low levels in the vegetal prospective endoderm. This pattern is maternally derived, and it remains remarkably stable throughout gastrulation, despite the transition to zygotic gene expression, regional tissue specification events, and various gastrulation movements which deform the tissue array (Winklbauer, 2009 ). However, the pattern is at variance with that of adhesion strength.
Adhesion strength, measured as tissue surface tension, is low in the endoderm, at an intermediate level in the different regions of the dorsal mesoderm, and at a similar or still higher level in the ectoderm (Fig. 4D ) (David et al., 2014) . Whether these differences are graded or discrete would be difficult to determine, given the limited spatial resolution of surface tension measurements. The discrepancy between adhesion strength and cadherin density may in part be due to the regional expression of adhesion-modulating factors (Fig. 4B) (Winklbauer, 2009 ). The Fig. 4 . Regional adhesion characteristics of the Xenopus gastrula. (A) Gastrula regions at stage 11. Characteristic marker genes are in brackets below region abbreviations. EE -epidermal ectoderm; NE -neural ectoderm; CM -chordamesoderm; PCM -prechordal mesoderm; LEM -leading edge mesoderm; VM -ventral mesoderm; Endo -endoderm. Cer -Cerberus; gsc -goosecoid; Xbra -Xbrachyury. (B) Expression pattern of adhesion molecules and adhesion modulators. The ectoderm predominantly expresses C-cadherin, and to some extent Ecadherin before stage 12. It is later sub-divided in to the N-cadherin expressing neural ectoderm and the E-cadherin expressing epidermal ectoderm. C-cadherin is also found in endodermal and mesodermal tissues, though to different degrees. The prechordal mesoderm uniquely expresses PAPC. The adhesion regulating ephrins and Eph receptors are differentially expressed between ectodermal and mesodermal tissues, with ephrins B1 and B3 and EphB2 and B4 predominating in the ectoderm and ephrins B1 and B2 and EphA4 predominating in the mesoderm. (C) Cadherin expression levels. C-cadherin is enriched in the ectoderm and gradually increases towards the blastopore, where expression quickly drops off in the mesoderm the more anterior it becomes, until the lowest levels are reached in the endoderm. paraxial protocadherin, PAPC, is expressed in the mesoderm where it interacts with C-cadherin and has the ability to lower adhesion (Kim et al., 1998; Chen and Gumbiner, 2006; Chen et al., 2009; Kraft et al., 2012) . Also, ephrin and Eph receptor isoforms are expressed in various combinations and concentrations in all germ layers, affecting cell-cell adhesion (Rohani et al. 2014a,b; Luu et al., 2015) . Adhesion-modulating glycolipids likewise differ quantitatively and qualitatively between regions (Turner et al., 1992; Kubo et al., 1995) . Further, gastrula cells are all covered by a thin film of the extracellular matrix protein, fibronectin (Winklbauer, 1998) , and the binding of fibronectin to its α5β1integrin receptor affects the strength of C-cadherin mediated adhesion (Marsden and DeSimone, 2003) . It is not known, however, whether this effect is spatially patterned and contributes to adhesion differences between regions. Lastly, the cortical tension of cells varies between gastrula regions, and is a major determinant of tissue surface tension and hence adhesion strength differences: in principle, factors regulating the contractility of the cortical cytoskeleton can be more important in determining adhesion differences in the gastrula than cadherin levels (David et al., 2014) .
The adhesion differences in the Xenopus gastrula are substantial (Fig.  4D) . The average tissue surface tension in the endoderm is 0.05 mJ/m 2 , it is 0.2 to 0.6 mJ/m 2 in the ectoderm, and about 0.2 mJ/m 2 in the dorsal chordamesoderm, prechordal mesoderm and leading edge mesendoderm regions (David et al., 2014) . In the gastrula of Rana, differences are less pronounced, the respective values being 0.4, 0.8 and 0.6 mJ/m 2 (Davis et al., 1997) . The forces potentially generated by these tensions are comparable to those driving the cell movements of gastrulation. Thus, Xenopus chordamesoderm explants narrow and elongate by active cell intercalation when covered by an epithelial layer which reduces tissue surface tension, as in the embryo. However, movement is arrested when the epithelial layer is removed and tissue surface tension can act to round up the explants (Ninomiya and Winklbauer, 2008) . Such strong adhesion strength differentials should be able to drive sorting in Xenopus embryos. Indeed, prospective ectoderm, mesoderm and endoderm cells sort at the blastula stage when combined in vitro (Turner et al., 1989) , and artificially induced mesoderm and endoderm cells segregate from each other and from ectoderm cells at later stages (Kuroda et al. 1999 ). It is not clear, however, whether this is related to adhesion strength differences. When C-cadherin depleted and Ccadherin overexpressing cells were confronted, they separated in vitro, but when respective clones of cells were adjacent in the embryo, cells intermingled despite a 4-fold difference in tissue surface tension. Moreover, segregation in vitro was due to the preferential association of cadherin overexpressing cells during re-aggregation, and not due to classical sorting within formed aggregates (Ninomiya et al., 2012) . On the other hand, prechordal mesoderm, chordamesoderm and ectoderm cells sort out when mixed (Ninomiya and Winklbauer, 2008) , although tissue surface tension does not vary significantly (David et al., 2014) . Apparently, quantitative adhesion strength differences are neither necessary nor sufficient for sorting in the gastrula. By default, it may be specific-adhesion based mechanisms that dominate cell segregation.
It is not known how tissue-wide adhesion differences contribute to boundary formation in the early Xenopus embryo if at all. For example, the 4-fold tissue surface tension difference between endoderm and mesoderm should be sufficient for the formation of at least a fuzzy, interdigitating boundary (Fig. 4A, D) , as seen in other cell sorting systems (Foty and Steinberg, 2005) . In the embryo, this border is morphologically non-distinct, as are for example compartment boundaries (Dahmann and Basler, 1999) , but boundary shape at the cell level has not been studied yet, and the mechanisms which keep cell populations separate are not known. This is also true for other supposed boundaries, e.g. between anterior and posterior moieties of the dorsal mesoderm (Fig. 4A, Fig. 6 ) which are characterized by marker genes and cell motility differences (Ninomiya and Winklbauer, 2008) .
Contact-induced adhesion differences and tissue separation
The sheet of multilayered tissue which forms the blastula is deformed and folded back upon itself during gastrulation (Fig. 4A) while most boundaries between its regions remain histologically indistinct. The first obvious tissue boundary in the Xenopus gastrula is that between mesoderm and ectoderm, known as Brachet's cleft (Fig. 4A) . It is established when the germ layers are brought into contact during mesoderm internalization (Winklbauer and Schürfeld, 1999) . Although microscopically, cells are in direct, close contact across the boundary over short stretches (Nakatsuji, 1976; Luu et al., 2015) , they do not intermix and maintain a gap-like boundary on the whole. This tissue separation effect (Winklbauer and Keller, 1996; Wacker et al., 2000; Winklbauer et al., 2001 ) depends on contact-induced cell behavior (Fig. 5) .
Tissue surface tension is similar in ectoderm and mesoderm in many batches of embryos, while even an experimentally induced 4-fold difference in adhesion strength does not cause ectopic cell segregation in ectoderm or mesoderm (Ninomiya et al., 2012) . Also, knockdown of fibronectin leucine-rich domain transmembrane protein-3 (FLRT3) increases C-cadherin expression in the anterior mesoderm, rendering it similar to that of ectoderm, but this does not affect the stability of Brachet's cleft (Ogata et al., 2007) . Thus, population-wide differences in adhesion seem not to play a role in ectoderm-mesoderm separation. Instead, the localized interaction of the two tissues at their common interface controls the establishment of a cleft-like boundary.
One of the two main mechanisms that together determine ectodermal-mesodermal tissue separation is Eph/ephrin signaling (Fig. 5 ) (Rohani et al., 2011; Park et al., 2011; Hwang et al., 2013; Rohani et al. 2014a,b) . Unexpectedly, Eph receptors and ephrin ligands are not expressed complementarily, as in other, similar cases (Tepass et al., 2002; Batlle and Wilkinson, 2012) , but several of the receptor isoforms involved -EphB2, EphB4 and EphA4 -and several of their ligandsephrinB1, ephrinB2, ephrinB3 and ephrinA1 -are present in each tissue (Fig. 4B ) and interact at various levels of specificity (Rohani et al., 2014a, b;  for review see Fagotto et al., 2014) .
Three principles of Eph/ephrin interaction during mesoderm-ectoderm tissue separation are apparent. First, the various isoforms are not redundant: removal of each one affects separation similarly. Second, antiparallel forward signaling from ectodermal ligands to mesodermal receptors, and similarly from mesoderm into ectoderm, is required for complete separation (Fig. 5) (Rohani et al., 2011) . Third, when taking into account the different expression levels of the various isoforms in each tissue and the different interaction strengths between the possible receptor-ligand pairings, it becomes apparent that signaling should be strongest at the interface and weaker within each tissue, restricting strong repulsion to the boundary (Rohani et al. 2014a,b) .
The second main module required for ectoderm-mesoderm separation consists of a self/non-self recognition mechanism involving PAPC ( Fig. 5) (Medina et al., 2004; Luu et al., 2015) . At Brachet's cleft, PAPC is expressed in the mesoderm, but not the ectoderm (Fig. 4B, 5) , and this asymmetry is necessary for tissue separation. The transcription factor Snail1, expressed under the control of Frizzled-7 dependent non-canonical Wnt signaling, is likewise restricted to the mesoderm, and in an unknown manner, Snail1 permits PAPC to promote tissue separation (Fig. 5) (Winklbauer et al., 2001; Luu et al., 2015) . However, experimental removal of the cytoplasmic tail of PAPC generates an M-PAPC construct (Kim et al., 1998 ) that functions independent of Snail1 (Luu et al., 2015) . Its expression in a sub-population of Xenopus ectoderm cells leads to cell sorting without any accompanying changes in tissue surface tension, and to the formation of an ectopic cleft-like boundary between M-PAPC expressing and non-expressing cells (Kim et al., 1998; Ninomiya et al., 2012; Luu et al., 2015) . This contrasting expression is essential also for ectopic boundary formation (Fig. 5) , and suggests that a self/non-self recognition mechanism underlies tissue separation at Brachet's cleft (Luu et al., 2015) .
Downstream of PAPC and Snail1, planar cell polarity (PCP) signaling controls boundary formation (Fig. 5) . PCP components like Dvl2 and Pk1 increase cell-cell adhesion in the mesoderm, but at the border to the ectoderm they are downregulated in a PAPC-dependent manner, thus reducing adhesion across the boundary (Luu et al., 2015) . To establish a boundary between PAPC-expressing and non-expressing cells, Eph/ ephrin function is required (Luu et al., 2015) . It appears as if in a background of multiple sub-threshold Eph/ephrin interactions of moderate specificity and partial complementarity, repulsion becomes overt at sites of PAPC/non-PAPC apposition. As Eph/ephrin signaling requires close cell contact, repulsion interrupts its own foundation, leading to cycles of cell detachment and re-attachment (Rohani et al., 2011; Fagotto et al., 2014) , a behavior suited for the migration of the mesoderm across the ectoderm layer (Winklbauer and Nagel, 1991) .
Other cleft-like boundaries such as the notochord-somite and the somite-somite boundaries rely on the same factors as Brachet's cleft. Ephephrin signaling is essential in both cases (Fagotto, 2014 (Fagotto, , 2015 Fagotto et al., 2014) , and Snail1 and PAPC are also involved (Kim et al., 2000; own unpublished results) . During notochord-presomitic mesoderm separation, an increase in the strength of the cortical acto-myosin cytoskeleton, and a decrease of cadherin puncta at the boundary in response to Eph/ephrin signaling was observed (Fagotto et al., 2013) . Increased cortical tension is expected to accompany lowered cell-cell adhesion (Winklbauer, 2015) , and its occurrence at a tissue interface can explain the smoothness of the respective boundary (Major and Irvine, 2006; Landsberg et al., 2009) .
In this respect, however, PAPC-dependent boundary formation exhibits unusual features. PAPC-induced ectopic cleft-like boundaries are locally smooth, consistent with increased tension, but they are not necessarily straight at a larger scale, but often convoluted (Kim et al., 1998; Ninomiya and Winklbauer, 2008; Ninomiya et al., 2012) . This "fingering" suggests, paradoxically, an increased mutual preference in the two adjacent cell populations, which would actually be compatible with cell mixing. Also, M-PAPC expressing and non-expressing cells sort out, but they nevertheless attach firmly to each other. However, while homotypic cell interactions are stable and restrict cell movement, heterotypic contacts allow cells to easily glide past each other (Luu et al., 2015) . It remains to be seen how these apparently contradictory features can be reconciled mechanistically.
Adhesion differences and tissue positioning
If tissues interact such that engulfment occurs, the less cohesive tissue should position itself exterior to the more cohesive one. This is borne out when the three germ layers of Rana gastrulae are combined. Then the most cohesive inner ectoderm moves to the center, the least cohesive endoderm to the periphery, and mesoderm forms an intermediary layer (Fig. 6A) (Phillips and Davis, 1978; Davis et al., 1997) . The same pattern is observed with other amphibians (Holtfreter, 1939; Townes and Holtfreter, 1955) . In Xenopus, the dorsal mesoderm likewise sinks into the endodermal cell mass when the ectoderm is removed from the gastrula (Keller and Jansa, 1992) . However, the chordamesoderm positions itself centrally when combined with anterior mesoderm or ectoderm (Kuroda et al. 1999) , although no significant tissue surface tension differences exist between mesoderm populations, and ectoderm surface tension is often higher than that of mesoderm (David et al., 2014) . Chordamesoderm positioning is consistent though with cadherin density differences (Fig. 4C) , pointing at a possible specific-adhesion mechanism.
Although the concentric positioning of germ layers in combined explants reflects their normal neighbourhood relationships in most cases, the inside-out order is reversed, with the ectoderm being at the center and the endoderm at the periphery (Fig. 6A) (Holtfreter, 1939; Phillips and Davis, 1978) . This is corrected when the epithelial layer of the ectoderm is included in the aggregate, which is non-adhesive at its apical surface (Fig. 6A′ ). Due to this property, it remains always at the surface of an aggregate and with its inner, adhesive surface, it attracts inner ectoderm cells which are similarly adhesive to a peripheral position. With mesoderm preferably situated between ectoderm and endoderm, the normal concentric arrangement of germ layers is attained (Fig. 6A′) . It remains an open question whether this germ layer positioning mechanism is biologically significant. Adhesion A PAPC/non-PAPC mechanism at the cleft forms a second module (bottom pathway). Frizzled7 leads to Snail1 expression and Snail1 enables PAPC to inhibit PCP signaling when apposed next to PAPC-free tissues, resulting in tissue separation. strength differences between the germ layers could result from tissueinternal specific demands on adhesion, and be accidental with respect to their positioning effects (Winklbauer, 2009) , although the positional preference of the mesoderm could facilitate the active mesoderm movements between ectoderm and endoderm during gastrulation.
A definitive function can be ascribed to the anterior-posterior positioning system of the Xenopus dorsal mesoderm (Fig. 6B, B′) . When cells from posterior and from anterior chordamesoderm, from the mesoderm anterior to it, and from ectoderm posterior to it are mixed and coated with epithelium, they sort out over the course of several hours into a linear array according to their normal position (Fig. 6B′) , forming a self-supporting elongate structure that represents the antero-posterior body axis (Ninomiya et al., 2004; Ninomiya and Winklbauer, 2008) . This points to a stable, probably graded expression of positional values in the cells, and its ability to drive sorting and its dependence on a mechanical effect of the epithelial layer suggest that it is based on adhesion differences.
As shown by Cellular Potts Model simulations, a counter-gradient of two adhesion-regulating systems is sufficient to promote this self-assembly of the dorsal antero-posterior axis. For example, two types of homophilic, specific adhesion molecules could form opposing gradients in the tissue such that the overall cohesion and hence tissue surface tension is the same at all positions, yet cells prefer positions which maximize their adhesive contacts (Fig. 6B′) (Vroomans et al., 2015) . Without epithelial coating, explants tend to round up under the influence of tissue surface tension, and anterior mesoderm partially engulfs more posterior mesoderm (Fig. 6B) (Ninomiya and Winklbauer, 2008) . This is in agreement with a mechanical, adhesion-based mechanism and suggests that the proposed counter-gradient is not completely balanced. If confirmed by the identification of respective adhesion molecules, anterior-posterior positioning could be a prime example for the dominance of adhesion specificity over mere adhesion strength differences in sorting-related processes.
The anterior-posterior positioning mechanism acts within an individual tissue, the chordamesoderm (Ninomiya et al., 2004) , but also across the boundaries between chordamesoderm and ectoderm, and between chordamesoderm and prechordal mesoderm, respectively (Fig. 6B, B′) (Ninomiya and Winklbauer, 2008) . This suggests that a graded positioning mechanism can replace the establishment of discrete boundaries to restrict cell intermingling. A counter-gradient of Chordin and Brachyury gene expression that transcends borders between regions is indeed observed in the dorsal mesoderm and serves as marker for anterior-posterior positional values. It develops under the control of a graded activing signal that also specifies tissue identities in the dorsal mesoderm, and thus aligns the defined sequence of mesoderm regions with the anterior-posterior body axis through a sortingrelated mechanism (Ninomiya et al., 2004) .
Conclusion
Two main principles are invoked to explain cell sorting and the related phenomena of boundary formation and tissue positioning. First, specific cell adhesion and its modulation due to the binding of homophilic and heterophilic cell surface molecules generates qualitative differences in cell interactions. Many such components can be involved in a process, interactions can vary between components with respect to their specificity and affinity, and components can be variably expressed at the cell surface. This quantitative aspect of specific adhesion leads to the second principle, the subsumption of the multiple effects under a single quantitative variable, the strength of adhesion. It can be measured for example as tissue surface tension. Global, tissue-wide differences between cell populations or local, contact-induced modulations of adhesion strength can explain cell sorting, boundary formation and tissue positioning.
In the early amphibian embryo, tissue-wide adhesion differences between regions exist, but their molecular basis is incompletely understood. Differences in cadherin expression levels and regional adhesion modulation by factors such as Eph receptors and ephrins, PAPC, or PCP components are likely involved. Whether such differences underlie the separation of embryo regions by indistinct, fuzzy boundaries, as for example between endoderm and mesoderm, remains to be seen. The distinct, cleft-like boundary between mesoderm and ectoderm is not due to wholesale adhesion differences between the germ layers, but due to a localized, induced decrease of adhesion at the site of contact. It involves interactions between the adhesion modulating Eph receptors and ephrins and a self/non-self recognition process based on asymmetric PAPC expression. The positioning of the germ layers may be predicted from their adhesion strengths, but an in vivo role for this effect is questionable. On the other hand, the proper positioning of dorsal mesoderm regions along the anterior-posterior body axis involves an essential sorting-related process. Its molecular basis is not known, though it most likely involves specific adhesion which does not lead to overt adhesion strength differentials. Overall, the available evidence suggests that global differences of specific adhesion but not of adhesion strength, and local, induced changes of adhesion strength as in contact repulsion dominate the various sorting-related effects in the early amphibian embryo.
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